Introduction
During the past few years, FT-IR spectroscopic methods have been largely applied to detect organic compounds in aqueous solutions because of their speed and simplicity. Moreover, abundant chemical information can be obtained based on the specific IR absorption bands. Because of the strong absorption caused by water molecules in aqueous solutions, the attenuated total reflection (ATR) 1 effect has been the most frequently used method because the short traveling distance of the evanescent wave limits water-molecule absorption. Based on this effect, both un-coated [2] [3] [4] [5] [6] and hydrophobic film-coated 7-17 internal reflection elements (IREs) have been used to detect organic compounds in aqueous solutions. The sensitivity of this method was largely improved using hydrophobic film coated IREs. The coated hydrophobic film served as a solid phase microextraction (SPME) [18] [19] [20] phase to exclude water molecules from the radiation penetration depth and attract the organic species to the sensing IREs.
Although the present SPME/ATR-IR spectroscopic methods provide direct and convenient ways to detect organic compounds in aqueous solutions, the sensitivity is still limited because of the short penetration distance of the evanescent wave. In recent years, IR sensing methods based on reflectionabsorption have been proposed. The most successful analytical results were obtained using a so-called hollow waveguide sampler. [21] [22] [23] Organic compounds in aqueous solutions were trapped inside the sampler for later detection using FT-IR spectrometry. This method provides advantages, such as mass analyses, short analysis time and higher detection sensitivity. However, the tedious production process for the hollow waveguide restricts the spread of this technique. To simplify the sensing device, a reflection plate coated with hydrophobic film was used to replace the hollow waveguide sampler. After soaking this coated reflection plate in an aqueous solution for a certain time, analytes can be absorbed and sensed later using IR spectrometry. Because this sensing device is very simple, it is even more suitable for mass analyses.
Although the sensitivity can be enhanced after applying the SPME principle to the IR sensing device, a large sample amount is generally required. This limits the application of this type of method in the detection of samples with limited volumes. To extend the IR sensing method to samples with limited volumes, the IR sensing method was developed in this work to benefit the fields in which the sample volumes are generally limited. The success of this technique can be applied to determine interesting compounds in biological fluids, such as the quantification of monocyclic aromatic amines, 24 biological active compounds, 25 anaesthetic compounds, 26 or the degradation products of drugs [27] [28] [29] in blood samples. It can also be used to monitor reaction products in which the minimal perturbation of the reaction volumes is required, for instance, monitoring the An infrared reflection-absorption (IR/RA) method was developed to detect aromatic organic compounds in aqueous solutions where the required sample volume can be as low as 50 µL. Two aluminum plates were used to form the sampling cell for the detection of small amount of aqueous samples. One plate was used as an IR reflection substrate and a second plate, in which several holes were drilled, was placed tightly on the top of the reflection plate to form cavities for sampling. The cavities were further coated with hydrophobic film. After the hydrophobic film dried, a certain amount of aqueous sample was injected to the cavity. Analytes in the aqueous solution were attracted into the hydrophobic film through the solid phase micro-extraction principle. After residual water was removed from the cavity, organic compounds absorbed by the hydrophobic film could be sensed using IR radiation based on the reflectionabsorption mode. To investigate the applicability of this type of sensing method for small-volume detection, factors such as the volume of the aqueous solution, the sample concentration, size of the cavity and the sensitivity of this method were investigated. An examination of the linear relationship between the signals and the analyte concentrations showed regression coefficients that were generally in the range of 0.992 to 0.999 for the examined analytes in the concentration range of 10 to 100 ppm. Under the condition that the sample volume was 100 µL and based on three-times the spectra noise level, the calculated detection limits for this method were found at around 1 ppm for the examined analytes. phenols after pyrolysis, 30 photo degradation, 31 or extracts from plants. 32 This method should be also applicable to detect eluents from high-performance liquid chromatography (HPLC). Even large amounts of an aqueous sample can be easily obtained in some analyses; reducing the cost of handling large sample amounts is worth developing methods that can analyze small sample amounts.
In developing analytical functions for detecting organic compounds in aqueous solutions with limited sample volumes, the SPME analysis function should be modified. Because working functions were developed in our previous work, 33 only a brief description is given here. Basically, the partition coefficient in the two-phase system is a concern in SPME, and it can be expressed as the ratio of the concentration of the solute in the hydrophobic phase and aqueous phase, as shown in
where K is the partition coefficient, Corg is the analyte concentration in the hydrophobic layer and Caq is the solute concentration in the aqueous solution. This equation can be expressed in terms of the number of molecules absorbed after equilibrium is reached, as shown by
where n is the number of molecules partitioned into the organic phase, no is the number of original molecules in the aqueous solution, Vf is the volume of the organic phase and Vs is the volume of the aqueous solution. Under the condition that Vs is much larger than Vf × K, the above equation can be simplified to the function used in SPME:
However, because the sample volume is limited in our case, Vs may not be larger than Vf × K. Hence, Eq. (2) should be used directly without any simplification. Based on Eq. (2), the sample volume should be equal to the product of Vf and K for absorbing 50% of the analytes compared to the amount of analytes, which can be absorbed for an excessively large sample volume. If Vf is also fixed, the larger is the K, the smaller is the percentage of analytes that can be absorbed compared to an excess amount of sample. Because the absolute amount of absorbed analytes is almost proportional to K, as in Eq (2), the analytical signals should also be closely proportional to the K values, although the absorption percentage is low. The analytical signals for a low K value analyte in a limited sample amount should be very close to the excess amount of sample. For analytes with large K values, the analytical signals should be strong enough to be detected, although the percentage is low compared to the excess sample volume.
A quantitative analysis can also be performed with a limited sample volume. By keeping all of the parameters, such as Vs, Vf, and K, constant, Eq. (2) can be expressed as
where K′ is equal to (Vs × Vf)/(Vs + Vf × K), and should be constant if all of the other parameters remain the same. Based on Eq. (4), the analytical signals should be linear to the analyte concentrations. Therefore, quantitative results for aqueous samples with a limited volume amount can be obtained.
To investigate the factors that influence the analytical signals when the sample volume is limited, two classes of compounds were used, including aromatic amines and phenols. These two types of compounds are toxic and widespread as the result of their large use in industry and agriculture. 24, 32, 35, 36 Therefore, they were selected as model compounds to demonstrate that the reflection-absorption IR method can be used to detect these compounds, even when their volumes are limited.
Experimental

Materials and reagents
Seven aromatic compounds with different functional groups were studied in this work, including 3-nitroaniline (3-NA), 4-nitrophenol (4-NP), 4-chlorophenol (4-CP), 2,4-dichloroaniline (2,4-DCA), 2,3-dichlorophenol (2,3-DCP), 2,4,6-trimethylphenol (TMP), and acetophenone (AC). These compounds were of reagent grade and obtained from Acros (NJ, USA). In our previous study, polyacrylonitrilebutadiene (PAB) was highly suitable to attract compounds with moderate polarity, especially for aniline and phenol compounds. 9, 23 Therefore, PAB was used as the SPME phase, and was obtained from Aldrich (Milwaukee, USA). Acetone was obtained from Mallinckrodt (Kentucky, USA) and used to dissolve the PAB to form a 0.5% solution concentration in wt/vol.
Equipment
By tightening two aluminum plates together, as shown in Fig.  1A , the sampling cell was formed. One aluminum plate was polished, and its major function was to reflect infrared radiation. Another aluminum plate with 3 mm thickness was drilled evenly with holes of desired diameters. After tightening these two plates, the formed cavities were used to hold an aqueous solution. The volumes of the cavities formed were 60, 190 and 340 µL for holes with diameters of 5, 9, and 12 mm, respectively.
A Nicolet Magna 550 FT-IR spectrometer (Madison, WI) equipped with a medium-range mercury-cadmium-telluride 1248 ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 (MCT) detector was used to detect the absorbed analytes. A 45-degree single-reflection optical system, as shown in Fig. 1B , was used to detect analytes absorbed in the hydrophobic film of the sampler. The optical system was placed in a sample compartment to direct the infrared radiation to the sampler and to redirect the infrared radiation back to the IR detector. To ensure that all of the detected IR radiation passed through the sample, a thin stainless-steel plate was used to block the unwanted radiation, as shown in Fig. 1B . Spectra presented in this work were collected in 100 scans with 4 cm -1 resolution. The PAB spectrum obtained using this method is shown at the top of Fig. 2 . Because only a few types of chemicals bond to the PAB molecule, its IR spectrum exhibits only a few major bands. The band located around 2237 cm -1 is a unique absorption band because of the stretching of the cyano group. This band was used to indicate the amount of PAB placed in the aluminum plate. The typical spectra of organic compounds detected using this method are shown at the bottom of Fig. 2 . These spectra were obtained by the detection of 100-µL of 100-ppm of organic compound with 10 min of equilibrium time. As can be seen in this figure, high-quality IR spectra can be easily obtained. In determining the amount of analytes absorbed by the polymer film, the band intensities of bands located at 1485, 1338, 1528, 1488, 1495, 906, and 1685 cm -1 were recorded, indicating the amount of analytes absorbed for 2,4-DCA, 4-NP, 3-NA, TMP, 4-CP, 2,3-DCP, and AC, respectively.
Coating and detection procedure
To simplify the coating process, a certain amount of polymer solution in 3% (wt/vol) was injected into the forming cavity, as shown in Fig. 1A . After placing the polymer solution, the sampler was air-dried for at least 4 h. The IR spectrum of the coated aluminum plate was also examined to ensure that no residual organic solvent (acetone) was present. Various thicknesses of PAB coating were obtained by placing different amounts of PAB solution. The probe organic compounds were dissolved in water to form 100-ppm solutions. If a lower concentration was needed, a series of dilutions from the 100-ppm solution was performed. A micro-syringe was used to inject the aqueous sample into the sampler.
Stability of the reflection-absorption cell in aqueous solution
The stability of the polymer in the sampling cell is one of the most important factors in terms of quantitative analyses. To investigate the stability of the polymer phase in the sampling cell, a 250 µL of 3% PAB solution was added to the cell. After drying in air for 4 h, the cell was soaked in water. The peak intensity of the PAB at 2237 cm -1 was recorded and plotted against the soaking time, as shown in Fig. 3A . As shown in this figure, the PAB phase was highly stable in the sampling cell for over 120 min. In our later investigations, the sampling cell coating was highly stable and the cell was used repeatedly (after regeneration) without a significant variation in the polymer signals.
Regeneration of sampling cell
Because the PAB phase was highly stable and to eliminate any variation caused by the coating process, the sampling cell was used repeatedly. The regeneration efficiency was studied; typical results in removing analytes are shown in Fig. 3B . In this figure, 100 ppm of 2,4-DCA was absorbed into the PAB phase for 20 min equilibrium. The absorbed plate was soaked in 1 L of water using a stirrer. Water at pH values equal to 7.10 and 4.00 (adjusted by diluted HCl) was used to regenerate the sampling plate. A peak intensity of 2,4-DCA was recorded at a certain time and the signals were plotted relatively. As can be seen in this figure, the time needed to regenerate the sampling plate was around 1 h when neutral water was used. When acidic water was used, the time measured to regenerate the sampling plate was greatly reduced. This is because the amine 1249 ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 group in the aniline can be protonated, leading to a higher dissolution rate to the water. In our later investigations, if analytes, such as anilines, acted as the proton acceptor, acidic water was used for regeneration. If analytes, such as phenols, acted as the proton donor, the regeneration bath was basified to regenerate the sampling cell.
Results and Discussion
Absorption time profiles in the detection of organic compounds in aqueous solutions with limited sample volumes
The equilibrium time is an important factor in obtaining optimal analytical signals without spending too much time. In order to study the efficiency in reaching equilibrium conditions for limited sample volumes, 100-ppm 2,4-DCA and 4-NP were studied concerning their absorption time profiles. In this experiment, the PAB coating was prepared in 3% concentrations (wt/vol). A 250-µL portion of the prepared solution was injected into the cavity of the sampler (12 mm in diameter).
The absorption time profiles for these two compounds are shown in Fig. 4A . As can be seen in this plot, the time to reach the equilibrium condition was extremely fast and approximately 5 min for both compounds. These curves were fitted with an exponential function proposed by Ai 34 for excess sample volume amounts in the following form:
where t is the equilibrium time and parameter a is a measure of how fast an adsorption equilibrium can be reached in the SPME process. This equation is typically used to monitor the analytical signals under non-equilibrium conditions. As can be seen in Fig. 4A , the obtained signals can be correlated with the exponential function very well. This reveals that under limited sample amounts, the absorption behavior is still similar to that for excess sample amounts.
The volume effect on the SPME phase According to Eq. (2), the SPME phase volume influences the analytical signals in a complicated way. Under conditions where Vs is much larger than Vf × K, higher analytical signals can be obtained if larger Vf is used. However, under the condition that the sample volume is sufficiently small, the value of Vf × K may be larger than Vs, and Eq. (2) can be simplified as
The above equation indicates that the analytical signal is not related to Vf under the condition that K is extremely large or Vs is sufficiently small. Experiments were performed by varying the volumes of the PAB coating. The obtained analytical signals for 3-NA and 2,4-DCA absorption are plotted in Fig.  4B . The PAB volume was varied by the addition of different amounts of PAB solution. By assuming the density of the PAB film to be 1.4 g/mL, the volume of the PAB coating with any volume of PAB was calculated and labeled on the x-axis of Fig.  4B . As can be seen in this figure, the analytical signals approached their maximum values. This agreed with the prediction in Eq. (6). The lower rate to reach the maximum value in 3-NA also indicated that the partition coefficient in this compound is smaller than that for 2,4-DCA. By fitting the data with Eq. (2) and minimizing the sum of the square error, the K values could be determined as 146 and 511 for 3-NA and 2,4-DCA, respectively. This indicated that this simple method might also be applicable to obtain partition coefficients in twophase systems.
Effect of the sample volume on the analytical signals
As discussed above, the sample volume can influence the analytical signals, but are strongly dependent upon Vf and the partition coefficient.
To examine the suitability of the theoretical deduction of the sample volume effect, 100-ppm of 2,4-DCA was used. Under the condition that Vf is 5.4 µL and K
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ANALYTICAL SCIENCES NOVEMBER 2002, VOL. 18 is 511 for 2,4-DCA, the amounts of attracted molecules that could be predicted when different sample volumes were used.
The results for the analysis of 100-ppm 2,4-DCA are shown in Fig. 5A . The prediction for the amount of analytes absorbed using the parameters obtained in the previous paragraph are also plotted in this figure. As can be seen in this plot, the prediction values were very close to that for the detected values. A larger deviation from the theoretical prediction was observed in the low sample volume region. This might have been caused by the sample volume being too small to evenly distribute in the cavity. However, the trend for the analytical signals did follow the prediction very well.
To eliminate the distribution problem mentioned above, two other different sized cavities, 5 and 9 mm in diameter, were prepared. The corresponding volumes of the formed cavities were 60 and 190 µL for holes with 5 and 9 mm diameters, respectively. In consideration of the optical system, the IR beam focus on the sample should be larger than the 5 mm diameter cavity. These samplers were coated with 50 and 100 µL of 3% PAB solutions for 5 and 9 mm hole diameters, respectively. A 50 µL of 100-ppm sample solution was placed into the 5 mm cavity and 100 µL of the 100-ppm sample solution was placed into the 9 mm cavity. The obtained IR signals after equilibrium in the sample cavities for 20 min are shown in Fig. 5B . As can be seen in this figure, the signals from the 9-mm diameter cavity were similar to those from the 12-mm diameter cavity, and much stronger than those from the 5-mm cavity. The analytical signals should be related to the SPME phase volume, as can be seen by transforming Eq. (2) into the following equation:
Because the ratio for Vf/Vs in these three cases was the same, the values for n should be proportional to Vf. However, the obtained signals for the 9 mm cavity were similar to those from the 12-mm diameter cavity. This revealed that our optical system was more effective for the 9-mm diameter cavity. Because of the difficulty in directing the IR radiation into the sample in the 5-mm diameter cavity, the noise level was greatly increased. The theoretically predicted IR signal for the 5-mm diameter cavity should be 2-times weaker than those from the 9-mm diameter cavity, but the obtained IR signal was five-times smaller than that from the 9-mm diameter cavity. This result may also be caused by the difficulty in directing the IR radiation into the 5 mm cavity; consequently, we obtained a lower IR signal. Because of the higher IR signals, the 9-mm diameter cavity was used for the following experiments.
Effect of sample concentration on the analytical signals
Based on Eq. (4), quantitative results can be obtained by keeping all of the parameters constant. To study the feasibility of Eq. (4), different concentrations of analytes were prepared and the 9-mm diameter cavity was used to detect 100 µL of an aqueous solution. Seven organic compounds were examined for their IR signals in the concentration range of 10 to 100 ppm. The results are tabulated in Table 1 . The equilibrium time was 10 min in these runs. As can be seen in this table, the detection limits were around 1 ppm and the linear regression coefficients in the standard curves for these seven compounds were higher than 0.992. This reveals that under limited sample volume conditions, quantitative results can be obtained.
Conclusion
In this study, we successfully developed an IR reflectionabsorption method to detect small volumes of aqueous samples. The construction of the sampling cell was extremely simple and a sample volume lower than 100 µL was enough to generate IR signals for quantitative analyses. The detection limits in this method can be lower than 1 ppm for the tested compounds. The factors that influenced the analytical signals were examined. These factors included the sample volume, the volume of the hydrophobic film, the analyte concentration and the size of the sampling cell. The results indicated that the sample volume did not need to be large, and that even with sample volumes lower than 100 µL, high-quality spectra could be observed. The film volume did affect the analytical signals in the way of theoretical prediction. Quantitative results were obtained by simply keeping the sample volumes and the polymer film volumes the same. The obtained linear-regression coefficients in the standard curves were higher than 0.992. a. Detection limits were estimated from the signals of analytes at a concentration of 10 ppm (three times the peak-to-peak noise).
